The roles of lysine at position 161 and asparagine at position 167 in IMP-1 metallo L-lactamase were studied by site-directed mutagenesis. These residues are highly conserved in metallo L-lactamases and are thought to be present in the active-site cavity. Mutant enzymes with alanine or aspartic acid at position 167 showed almost the same properties as the wild-type enzyme. Kinetic parameters for the mutant enzymes differing at position 161 indicated that the positive charge of lysine 161 is required for electrostatic interaction with the carboxyl moiety of the substrate, i.e. C-3 of penicillins or C-4 of cephalosporins. ß 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
L-Lactamase (EC 3.5.2.6) hydrolyzes the L-lactam amide bond to inactivate L-lactam antibiotics. L-Lactamases are categorized into two groups, i.e. serine L-lactamases and metallo L-lactamases, based on a fundamental di¡erence in the mechanism of catalysis. A metallo L-lactamase requires zinc ion(s) as a cofactor for its catalytic activity and generally shows more broad substrate specificity than that of serine L-lactamases. Therefore, the production of a metallo L-lactamase makes the bacteria resistant to a wide range of L-lactams. No e¡ective inhibitor of metallo L-lactamases has been found yet.
We have found an IMP-1 metallo L-lactamase produced by a clinical isolate, Klebsiella pneumoniae DK4 [1] . The gene was found to be encoded on an R-plasmid in this isolate and the same gene has been detected in a variety of Gram-negative rods in Japan. The IMP-1 metallo L-lactamase is a binuclear zinc enzyme and it hydrolyzes various L-lactams [1] .
The X-ray crystal structure of the IMP-1 metallo L-lactamase has been reported [2] . On the basis of the proposed structure of the IMP-1 L-lactamase, we searched for conserved residues in the active-site cavity other than residues bound to zinc, and we focused on two of them, lysine 161 and asparagine 167. These amino acid residues were found to be highly conserved in metallo L-lactamases although in the case of the Stenotrophomonas maltophilia L-lactamase its Ser187 may correspond to lysine 161 and its Tyr191 to asparagine 167 on the basis of the X-ray structure [3] . Results of analysis of the structure of the IMP-1 enzyme suggest that these amino acid residues are involved in some important interactions with the substrate [2] .
In the present study, in an e¡ort to determine the roles of these residues biochemically, we constructed three mutant L-lactamases di¡ering at position 161, i.e. Lys161C Arg, Ala or Glu, and two mutant enzymes di¡ering at position 167, i.e. Asn167CAsp or Ala.
Materials and methods

Bacterial strains and plasmids
Escherichia coli AS226-51 [4] which is an ampD mutant of C600 and a deletion mutant of ampC, was used as the host for enzyme preparation. E. coli TG1 was used as the host for the cloned L-lactamase gene. E. coli MV1184 [5] were used as recipients for site-directed mutagenesis.
Plasmid pKF18k was employed as the vector for sitedirected mutagenesis. The plasmid pDK4-5 contains the IMP-1 metallo L-lactamase gene [1] .
Media, chemicals and enzymes
For transformation, 2Uyeast extract/tryptone (2UYT) broth and YT agar were employed. For L-lactamase preparation, bacteria were grown in heart infusion broth (Eiken Chemical Co., Tokyo, Japan).
Enzymes and enzyme kits for DNA manipulations were purchased from Takara Shuzo Co. (Kyoto, Japan), Toyobo Co. (Osaka, Japan), Amersham (Buckinghamshire, UK) and Wako Junyaku Co. (Tokyo, Japan). Antibiotics used in this study were kindly provided by the following pharmaceutical companies: benzylpenicillin and kanamycin from Meiji Seika Kaisha Ltd. (Tokyo, Japan); cephalothin from Shionogi and Co. Ltd. (Osaka, Japan); cefuroxime from Nippon Glaxo Ltd. (Tokyo, Japan); imipenem and cefoxitin from Banyu Co. (Tokyo, Japan).
Site-directed mutagenesis
Site-directed mutagenesis was performed by the oligonucleotide-directed dual amber method [6] using the template plasmid pKFDK4, which was constructed by inserting a 1.2-kb DNA fragment encoding the intact L-lactamase gene into pKF18k in an orientation opposite to that of lacZ. The mutant gene was entirely sequenced by the dideoxy chain-termination method to con¢rm the desired change in the nucleotide sequence.
L-Lactamase puri¢cation
The wild-type enzyme and the mutant enzymes were isolated and puri¢ed as described previously [7] . The purity of each enzyme preparation was con¢rmed by SDSP AGE [8] . The enzyme concentration was estimated based on the optical density at 280 nm with O = 44 600 M 31 cm 31 . A similar value was obtained with the Bio-Rad version of Bradford's dye binding assay [9] with bovine serum albumin as the standard.
L-Lactamase activity
L-Lactamase activity was assayed by a UV spectrophotometric method [10] in 50 mM MOPS bu¡er, pH 7.0, in the presence or absence of ZnSO 4 . To determine the kinetic parameters K m and k cat , the initial velocity at each substrate concentration was measured and the parameters were calculated by non-linear regression analysis. Tables 2  and 3 show the values with standard deviations less than 10%.
Zinc content
All glassware was washed with 6 N HNO 3 in order to eliminate contamination. To remove unbound zinc, enzyme samples were fractionated by chromatography on a PD-10 column (Sephadex G-25, Pharmacia) equilibrated with 50 mM MOPS bu¡er (pH 7.0) or subjected to dialysis against zinc-free 50 mM MOPS bu¡er, pH 7.0, at 4³C for 3 days with multiple changes of the dialysis bu¡er, then diluted with the same bu¡er to obtain a ¢nal zinc concentration within the range of 0.05^1.00 ppm. The preparation was analyzed using a Z-8000 Polarized Zeeman Atomic Absorption Spectrophotometer (Hitachi Ltd.).
Results and discussion
Construction of the mutant gene and zinc content of the mutant enzyme
The oligonucleotide-directed dual amber method was used for construction of the site-directed mutant L-lactamases. To examine the e¡ect of charge or size of the residues, lysine at position 161 was replaced by Arg, Ala or Glu, and asparagine at position 167 was replaced by Asp or Ala. The zinc content of the mutant enzymes was analyzed by atomic absorption spectrophotometry (Table 1) . After gel ¢ltration to remove unbound zinc, the zinc content of the wild-type enzyme and each of the mutant enzymes was nearly 2 mol zinc mol 3 enzyme. After dialysis against the bu¡er without zinc for 3 days, the zinc content of the mutant enzymes with Arg, Ala or Glu at position 161 decreased to 1.3, 1.3 and 1.1 mol zinc mol 31 enzyme, respectively, whereas the wild-type enzyme and the mutant enzymes at position 167 each retained 2 mol zinc. The replacements at position 161 may alter the conformation of cysteine at position 158. This cysteine residue seems to be one of the ligands of the active-site zinc [1, 2] . This might explain the decreased zinc a¤nity of the mutant enzymes at position 161. The mutant enzymes which had lost one zinc ion showed decreased activity. However, the activity was regained upon addition of zinc to the reaction The zinc content of the enzyme was determined by atomic absorption spectrophotometry after the enzyme had been dialyzed against bu¡er without zinc. The value in parentheses is the zinc content observed after gel ¢ltration rather than dialysis being applied to remove the unbound zinc.
mixture at a ¢nal concentration of more than 1 WM. In the presence of 1 WM zinc, the mutant enzymes were thought to contain two zinc ions mol 31 protein.
Kinetic parameters for the mutant enzymes at position 167
The kinetic parameters obtained with typical L-lactams are summarized in Table 2 , and the chemical structures of the L-lactams are shown in Fig. 1 . The zinc concentration in the reaction mixture did not a¡ect the kinetic parameters of the wild-type enzyme and the mutant enzymes at position 167. With all L-lactams tested, similar values were obtained after replacement of this residue with alanine or aspartic acid. Compared with the wild-type, the mutant enzymes showed similar k cat /K m values with cephalothin or benzylpenicillin. On the other hand, with cefuroxime, cefoxitin or imipenem lower k cat /K m values were observed for Ala167 mutant (3^6 times) and Asp167 mutant enzyme (10^16 times). Although Concha et al. postulated that Asn167 serves to stabilize the oxyanion of the L-lactam carbonyl oxygen on the basis of the X-ray structure [2, 11] , our results indicate that the contribution is small and speci¢c for some substrates such as cefuroxime, cefoxitin or imipenem.
Rather than a¡ecting the k cat /K m values, these mutations at position 167 a¡ected the K m values for all substrates tested suggesting that the side chain of Asn167 contributes to substrate binding as postulated by Concha et al. [2, 11] . Especially with cefoxitin or imipenem, these mutant enzymes showed K m values 20^50 times higher than that of the wild-type enzyme. The substantial di¡er-ence in K m seems to be related to the K side chain at position 6 of imipenem (carbapenems) or at position 7 of cefoxitin (cephamycins). The asparagine at position 167 may contribute to the interaction between the enzyme and the side chain at position 6 or 7 of these antibiotics.
These results suggest that the asparagine at position 167 Fig. 1 . Structures of the L-lactams used in this study.
does not play an important role in zinc binding and the catalytic reaction.
Kinetic parameters for the mutant enzymes at position 161
The kinetic parameters were determined in the presence of 1 WM ZnSO 4 ( Table 3 ). All of the mutant enzymes showed higher K m values and lower k cat /K m values than those obtained for the wild-type enzyme. Comparing the values for the mutant enzymes, the K m values increased in the order Arg161 to Ala161 to Glu161 and the k cat /K m values gradually decreased in the same order. These di¡er-ences were related to the charge of the residue at position 161, indicating that a positive charge is required for its electrostatic interaction with the carboxyl moiety of the substrate (C-3 of penicillins or C-4 of cephalosporins) and that this interaction is related to stabilization of the transition state. These results agree with the model for substrate binding proposed by Concha et al. [2, 11] .
With imipenem or cefoxitin, even the Arg mutant with a positive charge at position 161 showed K m values 50^300 times higher than those of the wild-type enzyme. As in the case of the residue at position 167, the amino acid residue at position 161 seems to be an important residue for the interaction between the enzyme and the K side chain at position 6 of carbapenems or at position 7 of cephamycins.
In the case of metallo L-lactamases, the interaction between Lys161 and the carboxyl moiety of L-lactams is important for substrate recognition. This may be one of the reasons why the metallo enzymes show low a¤nity to monolactams which do not contain a carboxyl group at the appropriate position. The carboxyl group would be necessary in an inhibitor of metallo L-lactamases. 
